1 2 • Background and Aims: CAM photosynthesis is often considered to be a complex trait, 3 requiring orchestration of leaf anatomy and physiology for optimal performance. But the 4 observation of trait correlations is based largely on comparisons between C3 and strong 5 CAM species, resulting in a lack of understanding as to how such traits evolve and the 6 level of intraspecific variability for CAM and associated traits. 7 • Methods: To understand intraspecific variation for traits underlying CAM and how these 8 traits might assemble over evolutionary time, we conducted detailed time course 9 physiological screens and measured aspects of leaf anatomy in 24 genotypes of a 10 C3+CAM hybrid species, Yucca gloriosa (Asparagaceae). Comparisons were made to Y. 11 gloriosa's progenitor species, Y. filamentosa (C3) and Y. aloifolia (CAM). 12 • Key results: Based on gas exchange and measurement of leaf acids, Y. gloriosa appears to 13 use both C3 and CAM, and varies across genotypes in the degree to which CAM can be 14 upregulated under drought stress. While correlations between leaf anatomy and 15 physiology exist when testing across all three Yucca species, such correlations break 16 down at the species level in Y. gloriosa. 17 • Conclusions: The variation in CAM upregulation in Y. gloriosa is a result of its relatively 18 recent hybrid origin. The lack of trait correlations between anatomy and physiology 19 within Y. gloriosa indicate that the evolution of CAM, at least initially, can proceed 20 through a wide combination of traits, and more favorable combinations are eventually 21 selected for in strong CAM plants. 22 23
Introduction 1
A fundamental aim of comparative biology is to elucidate how, when, and why traits 2 evolve, and the biological consequences of trait evolution. Some traits have simple genetic 3 architecture: changes may be induced by mutations to single genes or regulatory elements, as in 4 the case of hair color in mice (Hoekstra et al. 2006 Crassulacean acid metabolism (CAM) is an example of a complex plant trait -involving 19 biochemistry, anatomy, and physiology -whose evolutionary trajectory remains obscured, 20 despite multiple independent origins (Edwards 2019). CAM is a carbon concentrating 21 mechanism that works tandemly with the C3 Calvin Benson cycle to increase the water use 22 efficiency of plants. The C3 pathway uses Rubisco, an enzyme which has both carboxylating and 23 oxygenating functions. Under high temperatures or conditions that promote stomatal closure, 24 rates of Rubisco oxygenation increase and force plants to undergo photorespiration, an 25 energetically costly process that fixes no net CO2. CAM concentrates CO2 in an effort to reduce 26 oxygenation via Rubisco and photorespiratory stress. CAM species open their stomata at night, 27 when cooler temperatures and higher relative humidity reduce evapotranspiration. Incoming CO2 28 is initially converted to malate and stored in the vacuole. During the day, the stomata largely 29 remain closed, and the stored CO2 is decarboxylated from malate, surrounding Rubisco and the 30 C3 machinery with elevated levels of CO2. The carbon concentrating mechanism of CAM 31 reduces levels of photorespiration while simultaneously increasing overall water use efficiency. 1
As a result, CAM plants are often found in hot, arid, or seasonally dry habitats -often, but not 2 always, where water is limiting. 3
Since all CAM plants retain and use the entire C3 machinery, many species fix carbon 4 through a mixture of both pathways (Winter 2019). Strong CAM plants use CAM for the vast 5 majority of their carbon uptake, while C3+CAM species use a mix of both pathways to fix CO2. 6 CAM cycling plants fix respired CO2 nocturnally through the CAM pathway but otherwise have 7 C3 physiology. Moreover, plants can vary not only in their ability to use CAM, but also the 8 degree to which CAM can be modulated under abiotic stress. Both strong CAM and C3+CAM 9 can alter the relative contribution of CAM to CO2 fixation as a response to abiotic stressors. 10 C3+CAM species can up-regulate the CAM pathway ("facultative CAM") or downregulate the 11 contribution of the C3 pathway, whereas strong CAM species may increase the degree of C3 12 carbon fixation when exceptionally well-watered (Hartsock and Nobel 1976 is decarboxylated and results in high concentrations of CO2 in the cells. Alternatively, reduced 10 IAS may just be a result of larger cells packed into a leaf whose size may be limited by other 11 factors, including the need to maintain hydraulic connectivity. Finally, CAM plants are often 12 described as having thick, succulent leaves. The importance and timing of these anatomical 13 changes remains unclear: in some systems, species that are C3+CAM look anatomically like their 14 One of the greatest challenges in understanding the concerted evolution between CAM 19 biochemistry and anatomy is a lack of systems in which genetic segregation produces variation 20 within and among these traits. While comparisons between C3 and strong CAM species have 21 helped us define a suite of traits that seem to segregate with photosynthetic pathway, these 22 comparisons conflate trait differences with evolutionary distance and yield little insight into how 23 suites of CAM traits have been assembled repeatedly in plant evolutionary history. Are traits 24 assembled sequentially, such that a certain phenotype must arise (e.g., large cells) before a 25 secondary phenotype can evolve (e.g., accumulation of malate)? Or are there a number of trait 26 combinations that can arise in any order and span phenotypic space, but selection repeatedly 27 favors certain combinations to maximize the efficiency of CAM? These questions can be 28 2) if anatomical traits are closely correlated with the photosynthetic phenotype of a genotype 17 ( Fig. 1 ). We show that genotypes vary in the degree of CAM used, as well as the level of 18 upregulation of CAM under drought stress; we further find that there is little correlation between 19 anatomical traits and photosynthetic phenotypes. The lack of trait correlations within a species 20 suggest the processes that shape trait distributions between species are uncoupled from those 21 occurring within a species. 22 23 Methods 24
Genotypes of Yucca gloriosa were collected from across its range (Virginia to Florida) 25 hours before lights off and two hours before lights turned back on. Leaf punches were taken in 16 triplicate at both time points from all individual plants, then were immediately flash frozen and 17 stored at -80 °C. Leaves were quickly weighed once removed from the freezer and placed into 60 18 mL of 20% EtOH. Samples were boiled until the volume was reduced by half, at which point the 19 total volume was returned to 60 mL by adding water pH 7.0. Samples were boiled to half volume 20 once more, refilled to 60 mL with water, then allowed to cool to room temperature. The room 21 temperature liquid was cleared of leaf debris and titrated with 0.002 M NaOH to a final pH of while IAS was measured on this previous dataset, due to image quality, we suspect IAS may 10 have been overestimated in the data previously published. IAS was therefore re-analyzed for all 11 data published in 2016. ANOVA or ANCOVAs were performed, as appropriate, to determine the 12 effect of Y. gloriosa genotype on phenotypic traits; in the case of CO2 uptake and acid 13 accumulation, treatment (watered and drought) was included as a factor. data is available at www.github.com/kheyduk/Yucca_physiology. We correlated both raw data -20 that is, individual plant traits -as well as genotypic means using cor.test() in R and adjusting 21 resulting p-values for multiple testing with the Benjamini-Hochberg correction. Correlations 22
were conducted pairwise on all traits, except in cases where one trait was a subset of another (for 23 example, nocturnal CO2 total assimilation is a subset of total daily CO2 assimilation). 24
Correlations were conducted on individual values and genotypic means of all three species 25 together, then separately for just Y. gloriosa. No correlations were tested within the parental 26 species, as the data pulled from earlier work did not have enough replication. For a trait 27 combination to be reported as significant, it had to be significant when correlated both across Nocturnal acid accumulation in the hybrid Y. gloriosa, like gas exchange, had a significant 20 interaction effect between genotype and treatment (F23,120=3.73, p<0.001, excluding re-watered 21 measurements) [ Supplementary Information ]. In general, the majority of genotypes had an 22 increase in leaf acidity over the night period, indicative of CAM; most genotypes displayed some 23 level of acid accumulation on all days of the experiment, regardless of water status (Fig. 4) . 24
Inter-and intra-specific response to drought -When compared to the parental genotypes for 25 which gas exchange measurements are available, many Y. gloriosa genotypes had some of the 26 highest net CO2 assimilation (as calculated by the area under the gas exchange curves) during 27 both well-watered and drought conditions ( 5B). Yucca gloriosa genotypes spanned the range from low levels of acid accumulation to CAM-10 like levels under well-watered conditions, and genotypes varied in their ability to increase the 11 amount of acid stored under drought. A few genotypes responded to drought with significant and 12 positive increases in leaf acidity on day 7 relative to day 1 (e.g., Y13 and YG). Genotype Y18 is 13 a notable exception in its lack of acid accumulation and lack of response to drought stress, which 14 corresponds to its negligible rates of CO2 assimilation during the dark period (Fig. 3 ). Genotypes 15 that had high levels of acid accumulation under well-watered conditions tended to decrease acid 16 under drought, while those that had lower level well-watered acid accumulation tended to 17 increase the amount of acid stored in leaves under drought stress (Fig. 5B) . 18
Because CAM can be defined by both acid accumulation and nighttime CO2 assimilation, 19
comparing the response of genotypes through both phenotypes can indicate the mode of CAM 20 employed under drought stress. For example, Y. aloifolia reduces the amount of CO2 assimilated 21 at night, but typically increases leaf acid accumulation (Fig. 5D ), indicating more reliance on 22 recycling CO2 while drought stressed. Some genotypes of Y. gloriosa decreased reliance on 23 atmospheric CO2 and increase acid accumulation with drought stress (upper left quadrant, Fig.  24 5D). Others responded to drought by increasing both nighttime CO2 assimilation and leaf acid 25 accumulation (upper right quadrant, Fig. 5D ). A few genotypes were negatively impacted by 26 drought in that they reduced both leaf acid accumulation and nighttime CO2 uptake, such that 27 stress appears to have diminished their CAM capacity (lower left quadrant, Fig. 5D ). Finally, a 28 few genotypes appear to increase the amount of nighttime CO2 assimilation but decrease the 29 level of acid stored in the leaves (lower right quadrant, Fig. 5D ); however in many of these latter 30 cases the error bars overlap zero, and therefore we cannot reject the expectation that nighttime 31 CO2 uptake is coupled with acid accumulation in these genotypes. Regardless, the general 1 diversity of drought responses in the hybrid Y. gloriosa is clear. Information ]. As with physiological traits, anatomical differences between Y. aloifolia and Y. 8 filamentosa were stark, while the hybrid largely filled the phenotypic space between. Cell sizes 9 on both adaxial and abaxial sides of the leaf were larger in Y. aloifolia than in either of the other 10 two species (Fig. 5A ). Stomatal density, conversely, was lowest on average in Y. aloifolia and 11 greatest in Y. filamentosa (Fig. 6B) . Cell sizes and stomatal densities on adaxial and abaxial sides 12 of the leaf were highly positively correlated ( Fig. 6AB ) across all individuals (cell size: 13 t67=25.19, R 2 = 0.90, p<0.001; stomata: t46=7.12, R 2 =0.52, p<0.001). 14 Few anatomical traits could predict physiological traits across species (Fig. 7) [ 15 Supplementary Information ]. Total CO2 assimilation across the whole day under both water 16 and drought stress was correlated to IAS, albeit with a relatively low R 2 in both cases (Fig. 7A) . 17
The amount of nocturnal CO2 assimilated under both watered and drought conditions had 18 multiple trait correlations to both other physiological traits as well as leaf anatomy. Nocturnal 19 CO2 uptake was correlated to IAS, levels of acid accumulation (both under watered and drought 20 conditions), the maximum amount of acid held within a leaf at any time point, the mean cell size, 21 and leaf thickness ( Fig. 7B-G) . The amount of leaf acids accumulated under drought stress was 22 correlated to total nocturnal CO2 assimilation under drought stress (R 2 =0.14, p<0.01). Within Y. 23 gloriosa, nearly all the trait correlations were not significant [ Supplementary Information ]. 24
The only significant correlations for traits in Y. gloriosa were between mean cell size and leaf 25 thickness (R 2 =0.57, p<0.001) and between total CO2 assimilation under water and drought 26 conditions (R 2 =0.24, p<0.001). 27 28 Discussion 29
Detailed physiological and anatomical measurements in Y. gloriosa have revealed 30 among-genotype variation in CAM phenotypes, and that anatomical and physiological traits 31 show a lack of correlation within Y. gloriosa. Under drought stress, the levels of daytime CO2 1 assimilation were largely driven by environment -that is, soil moisture content -whereas 2 nocturnal CO2 assimilation rates and acid accumulation were influenced by a combination of 3 genotype and environmental effects. Our results reveal a continuum of photosynthetic traits 4 across Y. gloriosa genotypes, including variation in drought response. Anatomical measurements 5 were largely not predictive of physiological traits within Y. gloriosa. In contrast, cell size, IAS, 6 and leaf thickness were predictive of nocturnal CO2 uptake in cross species comparisons. These 7 observations suggest that anatomical characteristics can be decoupled from photosynthetic 8 physiology of CAM within the homoploid hybrid species Y. gloriosa. 9 10
Intra-and interspecific variation in anatomy and physiology 11
The few studies that have linked leaf anatomy to CAM photosynthetic capacity have 12 provided often contrasting results on how important various anatomical traits are for CAM. In a 13 study that compared phylogenetically unrelated strong CAM and C3+CAM species, cell size was 14 found to be unrelated to CAM (Nelson and Sage 2008). In contrast, a study of Clusia species that 15 ranged from C3 to CAM with intermediates showed palisade mesophyll cell size was 16 significantly correlated to the proportion of CO2 uptake at night (Zambrano et al. 2014). Across 17 the three Yucca species examined here, cell size (area) was related to nocturnal CO2 uptake under 18 both watered and drought conditions, although such a relationship did not exist at the 19 intraspecific level within Y. gloriosa. All studies use cell size as a proxy for vacuolar size, which 20 in theory would limit the storage capacity of malate. It is possible that vacuolar size is not 21 linearly related to cell size (though see Chan and Marshall 2014), and that inconsistent results on 22 the importance of cell size between studies is related to using anatomical proxies for the true trait 23 of interest. Alternatively, and probably more likely, studies that control for phylogenetic 24 distance, such as this one and those conducted across CAM, total CO2 uptake rates far exceed that of either parent, at least in certain genotypes. Such a 20 mixed photosynthetic strategy may be particularly valuable on the coastal dunes that Y. gloriosa 21 is restricted to, as although rainfall in the southeastern U.S. is not particularly limiting, any water 22 that does fall likely percolates through the sandy substrate quickly. 23
Despite the potentially novel phenotypes that Y. gloriosa exhibits relative to its parental 24 species, they are unlikely to underlie the speciation of the hybrid from its progenitors. All three 25
Yucca species are found across the southeastern coast, although only Y. aloifolia and Y. gloriosa 26 grow with any frequency on the coastal dunes. Y. filamentosa is typically further away from the 27 ocean in the coastal scrub, though can be found in exposed sand near brackish inlets (K Heyduk, 28 unpubl. res.). Homoploid hybrid species can be formed and maintained either through 29 chromosomal structural rearrangements that form a reproductive barrier between the new species 30 and its progenitors, or via ecological differentiation, whereby the new combination of traits in the 31 hybrid allows for habitation of a novel niche relative to the parental species (Gross and 1 Rieseberg 2005). As the habitats of the Yucca species studied here largely overlap, particularly Y. 2 gloriosa and Y. aloifolia, the latter at first seems unlikely, despite Y. gloriosa being clearly 3 distinct in total CO2 assimilation rates. However, flowering time of the three species is markedly 4 different: Y. filamentosa typically flowers earliest, in late May and June, followed by Y. aloifolia. 5
Yucca gloriosa has been noted to flower at the end of the summer and into autumn (Trelease 6 1902); whether the later flowering time was selected for in order to reduce backcrossing, or was 7 instead a byproduct of the initial hybridization events, remains unknown. Additionally, other 8 biotic interactions (e.g., below-ground mutualisms or pollinators) or microhabitat variation are 9 largely untested as potential drivers of Yucca speciation (but see Rentsch and Leebens-Mack 10 2014). Chromosomal structural rearrangements may explain an apparent lack of backcrossed 11 individuals, but we do not currently have the genomic data to test this hypothesis. 12
13
Abiotic stress regulation of CAM 14
Genotypes of Y. gloriosa used variable levels of CAM, and differentially up-regulated 15 CAM under drought stress. The differential drought response was a result of two separate axes of 16 the CAM phenotype: both leaf acid accumulation and nocturnal CO2 uptake varied by 17 environment, and could do so in a de-coupled manner (Fig. 5 ). That is, certain genotypes 18 increased the amount of leaf acids accumulated based not on increasing atmospheric CO2 uptake 19 but instead by presumably re-fixing respired CO2. Such a response indicates that much of the 20 required enzymes are present and regulated correctly, but that stomatal aperture responded 21 negatively to drought at night. Reducing net CO2 uptake but increasing leaf acid accumulation is 22 the typical response of Y. aloifolia to drought stress as well. In general, the response to drought 23 stress in Y. gloriosa was transgressive relative to parental phenotypes, in that genotypes of Y. 24 gloriosa were able to respond to drought stress in ways that neither parent could. For example, 25 certain genotypes could increase both CO2 uptake and leaf acid accumulation under drought 26 stress -this response was not seen in any of the parental genotypes measured here. Other 27 genotypes occupied a part of trait space where nocturnal CO2 uptake increased under drought 28 stress, but leaf acids decreased (Fig. 5D ). How incoming CO2 is processed in these genotypes 29 remains unclear and warrants additional exploration in these genotypes, especially through 30 metabolomic and genomic analyses to help pinpoint alternative pathways. 31
The segregation of CAM drought response in Y. gloriosa also presents an ideal system 1 with which to interrogate the molecular components of drought response in facultative CAM 2 species. CAM has been touted as a potential trait for increasing food and biofuel crop drought 3 tolerance through bioengineering (Borland et al. 2014 (Borland et al. , 2015 , and early efforts to transform C3 4 species to CAM were instrumental in generating an abundance of genomics data for CAM 5
species. Yet fully committing a C3 plant to CAM may result in costs that outweigh any gains in 6 drought tolerance; larger leaves and cells will require more energy and time to produce, and 7 constitutive CAM usage is not ideal when drought may be intermittent. Instead, drought 8 tolerance engineering efforts should look to facultative CAM or C3+CAM, as in Y. gloriosa, 9 which outperforms its parental species in terms of total CO2 uptake and may result in faster 10 biomass gains, though this remains to be tested. The natural variation for CAM induction and up-11 regulation in Y. gloriosa, as well as the uncoupling of various CAM traits, including anatomy, 12 acid accumulation, and CO2 uptake, make Y. gloriosa ideal for investigating the molecular basis 13 of particular CAM traits and their regulation via abiotic signaling. 14
15
Implications for the evolution of CAM 16
While Y. gloriosa is a hybrid and therefore represents a somewhat atypical avenue for 17 trait evolution, it still allows us a glimpse into how a trait like CAM might be assembled. The 18 homoploid nature of Y. gloriosa means that the genomic content of the two parental species is 19 not highly divergent, and that the mix of traits found in Y. gloriosa genotypes are not a result of a 20 highly perturbed genome but more like what may be expected of an intraspecific cross between 21 phenotypically divergent parents. The mixture of traits within Y. gloriosa allows us to speculate 22 on the genomic architecture underlying the CAM phenotype. It seems unlikely that many of the 23 traits are genetically linked -that is, the few relationships between traits within Y. gloriosa 24 means the underlying genes are dispersed in physical genomic location and that they are not 25 necessarily expressed in or regulated by similar pathways. For example, there is nothing in the 26 genome of Y. gloriosa that requires large cells to develop low IAS (or vice versa), or that CAM 27 activity is in any way linked genetically to leaf thickness. The variation in and lack of association 28 between traits in Y. gloriosa also implies, unsurprisingly, that the CAM phenotype is highly 29 quantitative, and that recombination can break up many of the underlying traits. The genetic 30 architecture of CAM does not fully explain why such a mix of traits has remained in Y. gloriosa. 31
The frequent dry down of sandy coastal dunes may be promoting the maintenance of 1 intermediate traits as a way of mediating a highly variable environment. Alternatively, Y. 2 gloriosa is not a particularly rare species in its native habitat, but its populations are small and 3 relatively isolated. In such small populations, selection has a weaker effect than drift, which can 4 lead to less advantageous combinations of traits persisting in a species. Additional research using 5 common gardens could facilitate our understanding of whether intermediate traits like those 6 found in Y. gloriosa can confer a fitness advantage in some circumstances. 7
The variation and lack of correlation between traits underlying the CAM phenotype in Y. 
